Quartic force field predictions of the fundamental vibrational frequencies and spectroscopic constants of the cations HOCO + and DOCO
I. INTRODUCTION
Creation of the hydroxyformyl (HOCO) radical has been proposed as a necessary intermediate step in the reaction of OH + CO. 1, 2 This reaction is known ultimately to produce carbon dioxide as well as help to retain carbon monoxide in Earth's atmosphere, 3, 4 but the full gas phase mechanism of how CO 2 forms from this reaction has not been elucidated as of yet (see Ref. 5 for a full discussion). Considering other planetary bodies, the atmosphere of Mars is nearly synonymous with CO 2 . The red planet's atmosphere is over 95% CO 2 (Ref. 6 ), but the mechanism for the atmospheric creation, retention, and stability of such a high concentration of atmospheric CO 2 on Mars is also not currently fully resolved 7, 8 although surface adsorption models such as the Mars-van Krevelen reaction show some promise in that area. 9 If HOCO is vital to the creation of CO 2 in Earth's atmosphere, such may also be the case, and to a much greater degree, on the fourth planet from the sun.
The upcoming European Space Agency/NASA Exo-Mars Trace Gas Orbiter mission will be able to use its infrared instruments to detect, as its name suggests, minuscule a) Electronic mail: Xinchuan.Huang-1@nasa.gov. b) Electronic mail: crawdad@vt.edu. c) Electronic mail: Timothy.J.Lee@nasa.gov. amounts of gases within the Martian atmosphere. The most notable of these is certainly methane which is an indicator of past or potentially even present forms of life as we know it. 10 However, other molecules should be detected in low but measurable abundances, and these may be necessary for the creation of methane or the regeneration of CO 2 . Hence, there exists the need to have reference data for HOCO so that its presence in the Martian atmosphere can be determined. The detection of HOCO would yield a greater understanding of the mechanism that regenerates CO 2 . Unfortunately, little conclusive gas phase IR data for the HOCO radical exists. The ν 1 O−H stretch and ν 2 C=O stretch have been measured experimentally in the gas phase at 3635.702 cm −1 (Ref. 11) and 1852.567 cm −1 (Ref. 12) , respectively, for trans-HOCO, the most stable conformer. However, all other known frequencies for both cis-HOCO and the other four fundamentals of trans-HOCO have only been measured in the condensed phase trapped in matrices of Ar, Ne, and CO. 1, 13, 14 Other theoretical work also has not yet proven to be beneficial in accurately predicting the gas phase fundamental frequencies of either isomer. 15 Recently, theoretical chemistry has proven to be of vital significance in the prediction of spectroscopic properties necessary for the detection of interstellar molecular species. Botschwina and Oswald 16 built on previous work by Aoki 17 to generate highly accurate spectroscopic data for the microwave-range detection of C 5 N − by Cernicharo and co-workers 18 where corresponding laboratory data were not available. Further, computational tools have been utilized by Yu, Francisco, and co-workers [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] to better characterize the HOCO formation process, but there is still much that is uncertain, including accurate rovibrational spectroscopic constants and several of the fundamental vibrational frequencies. Huang, Lee, and co-workers [33] [34] [35] [36] [37] have predicted the fundamental vibrational frequencies of various molecular species to within a few cm −1 using advanced quantum chemical approaches which, further demonstrate the potential role of quantum chemistry in accurately examining difficult molecules often found in the conditions of interstellar space and extraterrestrial atmospheres. Additionally, Crawford and co-workers [38] [39] [40] [41] [42] have highlighted the need for highly accurate coupled cluster methods to examine radicals of this size. Hence, using techniques similar to those developed by Lee et al., [33] [34] [35] [36] [37] [43] [44] [45] we have examined the gas phase vibrational frequencies of the trans-HOCO radical using high accuracy coupled cluster quartic force fields (QFFs) in order to generate reference data for atmospheric and planetary measurements.
The paper is organized as follows: Section II includes a discussion of the computational approaches and methods used for the analysis of the fundamental frequencies and spectroscopic properties of trans-HOCO; this is followed by a discussion of the results obtained in this study; and we conclude with a summary of our findings and acknowledgements.
II. COMPUTATIONAL DETAILS
Using restricted open-shell Hartree-Fock (ROHF) (Ref. 46) as the reference wavefunction with the coupled cluster singles, doubles, and perturbative triples method 47 [CCSD(T)] combined with Dunning's correlation-consistent cc-pV5Z basis set 48, 49 a minimum energy geometry was obtained that was further corrected for core-correlation effects using a basis set specifically derived for such adjustments by Martin and Taylor (MT). 50 We shall refer to this basis set as the MT basis set. From this reference geometry a quartic force field was generated from step lengths of 0.005 Å and 0.005 rad. For HOCO, a tetra-atomic radical with C s symmetry, 743 symmetry unique geometries, out of 805 in total, were generated to compute all required force constants in the quartic force field. The simple internal coordinates used in the quartic force field determination are, from At each of the 743 points, ROHF-CCSD(T) single-point energies were computed with Dunning's correlation consistent basis sets but augmented with diffuse functions 48, 51 necessary to treat a radical, aug-cc-pVXZ (where X = T, Q, and 5). A three-point formula 52 utilized previously [33] [34] [35] [36] [37] was employed to obtain energies extrapolated to the one-particle complete basis set (CBS) limit. To this CCSD(T)/CBS energy at each point, core-correlation corrections computed from the aforementioned MT core-correlating basis set, scalar relativistic terms (aTZ-DK), 53, 54 and higher-order electron cor- relation effects using the cc-pVTZ basis set with the full CCSDT method 55, 56 implemented in the CFOUR (Ref. 57) quantum chemical program were combined to give a composite energy represented as
The inclusion of the core-correlation, scalar relativistic, and the higher-order electron correlation terms should represent the most accurate exclusively coupled cluster QFF used to date for the prediction of vibrational frequencies and related spectroscopic constants. Using the equilibrium geometry as an example, these corrections represent a stabilization to the estimated CBS energy of 450.6 kJ/mol for the core correlation, 337.3 kJ/mol for the scalar relativistic term, and 0.5 kJ/mol for the higher-order electron correlation energy. However, it is the behavior of these corrections at each point and not their individual absolute magnitudes that affects the QFF's performance. Besides those computations involving CCSDT and its subtracted CCSD(T) counterpart, all computations utilized the MOLPRO 2010.1 program. 58 The ROHF reference is the same (Ref. 46) for both programs, but the definition of the core orbitals differs slightly between the two packages. This difference is negligible, however, since the sum of the residual squares in fitting the QFF is on the order of 10 −16 . From these points and their corresponding CBS + core correlation + scalar relativistic + higher-order electron correlation (CcCRE) composite energies, the simple internal force constants and the "actual" minimum (which slightly deviates from the reference geometry) were derived from the fitting of the QFF where, again, the sum of the residuals squared is acceptably small as mentioned above. The INTDER program 59 computed the Cartesian derivatives from the force constants. These were fed into the SPECTRO (Ref. 60) program for the second-order vibrational perturbation theory (VPT) (Refs. 61-63) treatments. Additionally, the simple internal QFF was converted to Morse-Cosine coordinates 44 which makes use of periodic functions for each non-stretching mode. These coordinates were used to determine the variationally computed frequencies using the vibrational configuration interaction (VCI) method with the MULTIMODE program. 64, 65 Furthermore, other QFFs were also tested. These included the CcCR QFF where the higher-order electron correlation correction has been excluded and the CR QFF which only contains the first and third terms of Eq. (1).
III. RESULTS
The CcCRE QFF zero-point and equilibrium structures for X 2 A trans-HOCO are shown in Fig. 1 . The bond lengths, bond angles, rotational constants, and associated harmonic vibrational frequencies are given in Table I where the equilibrium structure is the result of the "position averaged" values (synonymous with the r z values) from the VPT2 results. Oyama and co-workers 66 used UCCSD(T)-F12/augcc-pVTZ computations to report geometry parameters for trans-HOCO as part of a larger study on the rotational transitions of cis-and trans-HOCO and DOCO derived from Fourier-transformed microwave (FTMW) spectroscopy. The UCCSD(T)-F12/aug-cc-pVTZ equilibrium geometry, also in Table I , does not vary much as compared to our CcCRE QFF equilibrium geometry: 0.001 Å for the bond lengths and 0.1 • for the bond angles. Additionally, RCCSD(T)/cc-pCV5Z computations by Botschwina, 67 also listed in Table I , give geometry values that are even closer to our CcCRE QFF results than UCCSD(T)-F12/aug-cc-pVTZ.
Oyama and co-workers' experimental FTMW zero-point geometry was reported to be in good agreement with their computed equilibrium geometry (within 0.01 Å for bond lengths and 0.4 • bond angles) and, subsequently, in good agreement with the geometry computed by Botschwina 67 rendering our CcCRE QFF geometry quite accurate, as well. The FTMW zero-point rotational constants of 5.59614, 0.38137, and 0.35647 cm −1 (or 167 768.064, 11 433.322, and 10 686.63 MHz) correlate nearly exactly (within 0.002 cm −1 ) with a previous millimeter-wave experiment done by Radford, Wei, and Sears 68 and are in very good agreement with Botschwina's RCCSD(T)/cc-pCV5Z equilibrium rotational constants. 67 The latter of which are nearly identi-cal to our CcCRE QFF equilibrium rotational constants (see Table I ). Additionally, our CcCRE QFF zero-point rotational constants are very close to those observed in the FTMW experiment reported by Oyama and co-workers: 66 within 0.02 cm −1 for A 0 and 5 × 10 −4 cm −1 for B 0 and C 0 . Furthermore, UCCSD(T)/aug-cc-pVDZ harmonic vibrational frequencies, listed in the bottom of Table I , computed by Feller, Dixon, and Francisco 69 are comparable to the CcCRE QFF harmonic frequencies. Such corroborating evidence indicates that our lowest energy structure of trans-HOCO derived from the fitting of the CcCRE QFF is reliable. Additionally, another QFF, the CR QFF which only includes the CBS-extrapolated electronic energy and the scalar relativistic terms from Eq. (1), predicts vibrationally averaged rotational constants of 5.58209, 0.38054, and 0.35570 cm −1 . These CR QFF rotational constants deviate from the FTMW experimental results by about the same amount as the CcCRE results, but these A 0 , B 0 , and C 0 values are smaller than the experimental values whereas the CcCRE constants are all larger than experiment.
The associated anharmonic frequencies for the CcCRE QFF of trans-HOCO are given in Table II while the anharmonic constants are given in Table III . Vibration-rotation interaction constants and quartic and sextic centrifugal distortion constants are compiled in Table IV and Table V contains the quadratic, cubic, and quartic force constants. All spectroscopic constants were computed with second-order vibrational perturbation theory via SPECTRO and should be useful in the analysis of high-resolution experiments or astronomical observations. The VPT computations require the explicit inclusion of a fourfold Fermi resonance polyad 45 involving ν 3 , ν 4 , 2ν 5 , and 2ν 6 . A type 2 Fermi resonance is necessary for ν 5 = ν 4 + ν 2 . Lastly, a Coriolis resonance between ν 6 and ν 5 is also present. The anharmonic vibrational frequencies, again from Table II , include both the VPT and variationally computed VCI frequencies. For the variational frequencies, four-mode and five-mode representations for the coupling configuration interaction computations (4MR and 5MR, respectively) are both shown. The different numbers of modes refer to the number of modes allowed to couple within the expansion formula defined 65 as
where N is the number of modes for each expansion level; N = 6 is the largest expansion level for the HOCO radical since there are six total degrees of freedom. 4MR and 5MR are truncations at the N = 4 and N = 5 levels, respectively. The V (1) i term is the one-mode potential for the ith mode at a given geometry, V (2) ij is the two-mode potential for the corresponding ith and j th modes, and so on for V (3) ij k and larger up to V (N) ij k...N . The Q i terms from Eq. (2) are simply the coordinates of a given normal mode i.
Initial VCI computations of the fundamental vibrational frequencies used a small but reasonable set of vibrational variational basis functions to describe the vibrational behavior of trans-HOCO. The CI matrices, one of which is composed of a functions while the other a functions, contain 2738 a functions and 1399 a functions for the 4MR computations. The 5MR CI matrices contain 3064 and 1829, respectively. These 4MR and 5MR computations both require 30 Gaussian integration points, 25 primitive harmonic oscillator basis func- tions contracted down to 10 basis functions for each mode, and 16 HEG (the abbreviation for Gauss-Hermite) quadrature points. Since the 4MR and 5MR frequencies differ by less than 0.2 cm −1 , it is clear that convergence of the mode coupling levels in the VCI method has been achieved. Additionally, since the 4MR and 5MR computations are nearly identical, only the 5MR results will be included in this discussion and will be referred to as 5MR-s or simply VCI-s, the "s" for small. However, the level of agreement between the VPT and VCI-s frequencies is not consistent, especially for ν 6 , the torsional mode. Strong agreement (i.e., <1 cm −1 ) is present between the two methods for the ν 2 and ν 5 modes, and fairly good agreement exists for the ν 3 mode for which the difference is about 4 cm −1 . The C−O 1 stretch, ν 4 , differs between VPT and VCI by 10.1 cm −1 , and the H−O 1 stretch, ν 1 , differs by around the same value. The torsional motion, ν 6 , has a discrepancy, again, of about 10 cm −1 between VPT (501.2 cm −1 ) and VCI-s (511.2 cm −1 ). However, the VCI-s computation predicts the energy of this particular mode to be higher than the VPT which was not expected based on previous work.
Even though direct comparison between the experimental condensed phase vibrational frequencies and the CcCRE QFF simulated gas phase frequencies is not a perfectly direct comparison as the use of gas phase experimental data would be, it was still noticed that VCI-s appears to overcorrect the ν 4 vibrational frequency of 1042.9 cm −1 even when compared to the condensed phase result of 1050.4 cm −1 . For ν 1 and ν 2 , where gas phase experimental data are known, the condensed phase experimental frequencies are a few wavenumbers lower in energy than the gas phase, and an inference of a similar relationship to the other four modes is thermodynamically reasonable but certainly not guaranteed. The potential overcorrection of ν 4 and the difference in frequency between our results and the condensed and gas phase experimental data by 10 cm −1 or so for ν 1 , ν 4 , and ν 6 indicated that a reanalysis of the VCI computations was necessary.
The subsequent action was the use of a substantially larger set of basis functions for describing the fundamental vibrational frequencies using VCI. We will call this computation VCI-l for the use of a larger set of harmonic oscillator basis functions. 4MR-l utilizes CI matrices composed of 19 305 a functions and 10 820 a functions, while the corresponding 5MR-l computation utilizes matrices of 21 604 and 14 146 functions, respectively. Additionally, these larger VCI-l computations require 36 Gaussian integration points, 31 primitive basis functions contracted down to 15 on each mode, and 20 HEG quadrature points. Again, the 4MR-l results have been excluded since they differ from the 5MR-l results by less than 0.02 cm −1 , and the 5MR-l frequencies are, again, synonymous with the VCI-l frequencies. Table II clearly shows a substantial increase in agreement between VPT and VCI when using VCI-l with its larger number of basis functions. The ν 2 , ν 3 , ν 4 , and ν 5 frequencies are nearly identical (i.e., <1 cm −1 ) between VCI-l and VPT, and the VCI-l 3640.5 cm −1 ν 1 mode is only 1.5 cm −1 lower in energy than the corresponding 3642.0 cm −1 VPT result. Interestingly, ν 6 for VCI-l (488.6 cm −1 ) is at nearly the same level of agreement with VPT as VCI-s (around 10 cm −1 ), but the VPT frequency of 501.6 cm −1 is now higher than its VCI-l counterpart. Inclusion of the additional basis functions also places the VCI-l ν 4 mode above the condensed phase experimental result of 1050.4 cm −1 . This shift to a higher frequency for ν 4 is actually the result of a state crossing. The use of more basis functions in the computation shows that the dominant character of the VCI-s ν 4 state is better described as the 2ν 1 state in VCI-l while the VCI-s 2ν 1 is really the 6 , the torsional mode, between VPT and VCI-l means that the good correlation between the VCI-s and the condensed phase experimental result is no longer valid. However, the inclusion of more basis functions for the other five modes appears to indicate that the VCI-l results are more trustworthy on the whole. Hence, it appears as though the actual gas phase frequency for ν 6 is probably lower than the condensed phase by as much as 20 cm −1 .
Other computations involving fewer basis functions indicate that smaller VCI matrices can adequately describe the zero-point, ν 2 , ν 3 and ν 5 modes, i.e., their energies do not change by more than 1 cm −1 with the inclusion of more functions. However, a reasonable description of ν 4 and ν 6 requires a larger number of VCI basis functions with convergence experienced at around 15000 a functions and 10 000 a functions in the CI matrices where the crossing for the 2ν 1 and ν 4 states mentioned in the previous paragraph is properly managed with this many functions. Interestingly, the ν 1 mode is actually the one that forces the use of the most basis functions. Its convergence to 1 cm −1 is not reached until the number of basis functions defined for VCI-l are used. The large numbers of functions necessary to reach convergence is simply a result of the higher energy region in which this fundamental frequency exists. Hence, truly massive computations must be employed to treat adequately all the states in the trans-HOCO radical. Subsequently, convergence of the VCI computations is not necessarily proven when the differences between 4MR and 5MR are small but when the size of the normal coordinate basis sets is adequate.
The largest frequency difference in the fundamental modes between VPT and VCI-l is the ν 6 torsional mode, but this type of disagreement between the two approaches for a torsional mode is not uncommon. Even so, the other five modes are at similar levels of agreement between VPT and VCI as those observed in previous work on other systems, 37 and the disagreement for ν 6 between VPT and VCI is not beyond the scope of reasonable results for each of the methods. This discrepancy is most likely the result of a large anharmonicity for this coordinate where QFFs may not be adequate to describe this behavior even with the QFF in a coordinate system that has better limiting behavior. Regardless, the experimental data for the gas phase frequencies of ν 1 and ν 2 , 3635.702 cm −1 and 1852.567 cm −1 , respectively, shown in Table II , are less than 9 cm −1 (5 cm −1 for the VCI-l ν 1 ) lower than the CcCRE QFF-based values, with either VPT and VCI-l. This difference is also in line with previous studies. 37 Such agreement gives strength to our case of making predictions for the other four fundamental modes.
It is interesting to note that the VPT frequency for ν 6 is much closer to the condensed phase experimental result than the VCI-l. However, VPT is over 5 cm −1 below the frequency of this mode even when compared to the results of the condensed phase experiment, but the relationship of the condensed phase frequency for the fundamental and the gas phase frequency has not been established. VCI-l predicts a ν 6 frequency that is even further below the VPT indicating that the gas phase frequency of this mode behaves differently than the corresponding condensed phase result. The frequencies of the other three modes for which there is no current gas phase experimental data, ν 3 , ν 4 , and ν 5 , are higher in energy for both VPT and VCI-l than the condensed phase results. Furthermore, these predicted frequencies are close enough to the condensed phase results to give strong indication that the predicted fundamental frequencies of ν 3 , ν 4 , and ν 5 are reliable and potentially quite close to the actual gas phase values. Although the ν 6 frequency gives pause, the other five modes and even ν 6 , as well, give no indication of being markedly erroneous with either method, and these results should help to give more than a qualitative picture to what the fundamental gas phase vibrational frequencies of trans-HOCO actually are.
As a final consideration, the exclusion of terms from Eq. (1) in the CcCRE QFF results in some rather fascinating changes in the computed fundamental vibrational frequencies. The averaged coupled-pair functional (ACPF) method has been previously utilized to compute the higher-order electron correlation terms, [33] [34] [35] but it was found to lead to the prediction of fundamental vibrational frequencies that were too low in energy. This phenomenon led to our present use of CCSDT as a means to describe this component of the energy at each point. However, the experimental agreement for the CcCRE QFF ν 1 and ν 2 was not as close as desired. Excluding the higher-order electron correlation term in the CcCRE QFF results in the CcCR QFF. Removal of this correction does not greatly change the equilibrium geometry; the bond lengths remain the same up to 0.001 Å while the O 1 −C−O 2 bond angle is slightly increased to 127.081 • and the H−O 1 −C bond angle is decreased by only about 0.1 • to 107.895 • . The ν 1 fundamental computed with the CcCR QFF is actually 3.5 cm −1 closer to the experimental gas phase result than the full CcCRE QFF (all shown in Table II ), but the CcCR ν 2 frequency is higher by about a third as much for this fundamental. Hence, there is no systematic corrective behavior for the CcCR QFF as compared to the CcCRE QFF, but, nonetheless, these corrections are very small. Such small differences in the equilibrium geometries and the fundamental vibrational frequencies between the CcCR to CcCRE QFFs indicate that the higher-order electron correlation description from CCSDT does not go far enough to describe the full electron correlation, the converse of the issue experienced with the ACPF method.
Additional removal of the core-correlation term (giving rise to the CR QFF) increases each of the trans-HOCO equilibrium bond lengths relative to both the CcCRE and CcCR QFFs (1.177 20 Å for C=O 2 , 1.342 13 Å for C−O 1 , and 0.962 28 Å for H−O 1 ) while the bond angles are reduced slightly as compared to both of the more descriptive QFFs (126.948 • for O 1 −C−O 2 and 107.821 • for H−O 1 −C). The CR QFF predicts frequencies within 4 cm −1 of the known gas phase fundamentals for VPT and VCI-l for both ν 1 and ν 2 even though ν 1 is predicted to be lower than experiment with VCI-l while ν 2 is higher than experiment. Besides these two modes, two of other four CR vibrational frequencies are also lower in energy than their CcCRE counterparts with ν 3 coming in slightly higher for the CR QFF. However, ν 6 is noticeably higher for the CR QFF than the CcCRE. This does bring ν 6 closer to the condensed phase experimental results by about 3.5 cm −1 as compared to the CcCRE results and an even larger 6.5 cm −1 closer than the CcCR QFF.
This seemingly better result is merely an artifact of error cancellation in this less descriptive QFF and is not a robust reflection of its ability to predict accurately the fundamental vibrational frequencies for which there is no experimental data. The use of only relativistic corrections to a CBS energy in the computation of a QFF mainly influences those modes where bond distance plays an important role, as is seen in the changes to the geometrical parameters listed above. Hence, the same issue with the VPT prediction of ν 6 is present in these two QFFs as it is in the CcCRE results, but it is interesting to note that the CcCRE QFF has better agreement between VPT and VCI-l than the CcCR QFF showcasing the need for higher-order electron-correlation effects to be considered at some level. Even though the CcCR and CR QFFs appear to predict better fundamental frequencies than the CcCRE QFF, these results are not robustly or conceptually better but can serve to help inform the energy range in which the actual fundamentals may be found, especially since the frequencies of the four experimentally unknown modes differ between the three QFFs by less than 6 cm −1 and more often by less than 4 cm −1 . Additionally, the inclusion of better higher-order electron correlation methods should probably overcome the deficiencies of both the current CcCRE QFF and those utilized previously containing the ACPF method.
IV. CONCLUSIONS
We have carried out an anharmonic vibrational analysis and computed various spectroscopic constants for the X 2 A trans-HOCO radical using a highly accurate quartic force field composed of aTZ, aQZ, and a5Z complete basis set extrapolated energies corrected for core correlation, scalar relativistic, and higher-order electron correlation effects, the CcCRE QFF. The composite energy makes exclusive use of coupled cluster theory, established as one of the most accurate chemical theories to date, 70, 71 and includes terms necessary to account for most of the deficiencies present in regular quantum chemical models. This QFF was hoped to be the most reliable computed thus far, but the failings of the CCSDT higher-order electron correlation effects hindered its performance. The CR QFF appears to treat this system more accurately, but this is probably the result of fortunate error cancellation.
Our gas phase CcCRE results corroborate the known experimental gas phase frequencies to within 5 cm −1 for the O−H stretch (ν 1 ) and 9 cm −1 for the C=O stretch (ν 2 ) while the CR QFF predicts these values to within 3 cm −1 and 3.5 cm −1 , respectively. Additionally, both VPT and VCI-l predict some vibrational frequencies to be below even the condensed phase experimental data: the torsional mode (ν 6 ) for each QFF, the CR ν 4 mode (C−O stretch), and the CR VPT ν 5 mode (O 1 −C−O 2 bend). With this calibration and knowledge of behavior, we can conclude that our VCI-l and VPT Cc-CRE QFF-based fundamental frequencies should be within 9 cm −1 or less of their actual gas phase values and the CR QFFbased fundamental frequencies should be within 4 cm −1 or less. Hence, removal of the higher-order electron correlation terms from the CcCRE QFF in the CcCR and CR QFFs and removal of the core-correlation terms in the CR QFF coupled with the resulting cancellation of errors leads to better agreement with experiment. The CCSDT correction to CCSD(T) utilized here is not descriptive enough for higher-order electron correlation as it adds only 0.1% of the stabilization energy as compared to the core-correlation, and better terms for this correction should be incorporated in future studies. Furthermore, in order to describe adequately this system using the variational VCI method, large numbers of vibrational variational basis functions must be used, especially for the ν 6 , ν 4 , and even the ν 1 (O−H stretch) modes where the ν 1 mode shows the most marked improvement for the use of more basis functions. Finally, the relatively large difference in the frequency of the ν 6 mode between VPT and VCI-l regardless of the choice of QFF indicates that the sizable anharmonicity for this mode may not be adequately described using only a QFF.
In short, our results indicate that the CcCRE, CcCR, and CR QFF VCI-l fundamental frequencies (utilizing a large enough number of basis functions) are trustworthy enough to help elucidate what the four unknown gas phase fundamental vibrational frequencies of trans-HOCO are. Additionally, we are providing a highly accurate set of other spectroscopic constants for the trans-HOCO radical in the gas phase. Those constants previously experimentally determined match our computations to 1% deviation or better, and the rest should likely be similarly accurate for comparison either to laboratory, atmospheric, or planetary observation.
